Porous aluminum with a porosity of 78% and pore sizes of 850-1000 mm was produced by the spacer method including spark plasma sintering (SPS) at various sintering temperatures of 773-853 K and the dissolution of space-holding sodium chloride particles. The effect of sintering temperature on the compressive properties of porous Al was investigated. The stress-strain curves for the specimens fabricated at 813 K and higher exhibited a plateau region with a nearly constant flow stress to a large strain of about 40%. However, the specimens fabricated at less than 813 K showed no plateau regions, although there were no significant differences in the characteristics of the pores by macroscopic observation between the porous Al specimen fabricated at 843 K and that fabricated at 773 K. Microscopic observation revealed that there were large voids in the cell wall of the specimens fabricated at 773 K, showing that sintering was insufficient and the connection of Al powder was poor. Furthermore, the fully-dense Al specimen fabricated at 793 K exhibited poor ductility in tension. Therefore, poor ductility in tension of cell walls may be responsible for the lack of plateau regions in the specimens fabricated at less than 813 K.
Introduction
Porous metals have been drawing scientific and industrial attention owing to their unique properties. 1, 2) For example, they exhibit a good energy absorption ability because they can effectively convert impact energy to deformation work due to their constant compressive stress (plateau stress) over a wide range of compressive strain before densification. 1) In particular, porous aluminum is a promising energy absorber because of its lightweight, resistance to corrosion, and high thermal and electrical conductivities. Various manufacturing methods of porous metals, alloys and intermetallics have been developed, 2) including liquid-state processing [3] [4] [5] and solid-state processing. 6) Several methods have been successfully used in manufacturing porous metals commercially. 2) However, most of them involve gas expansion to form pores and it is difficult to control pore characteristics such as porosity, pore size and pore morphology. To improve the mechanical and other properties of porous metals, the control of such pore characteristics is indispensable. 1, 7, 8) Recently, it has been reported that porous Al can be fabricated by a combined method of spark plasma sintering (SPS) and the dissolution of space-holding sodium chloride (NaCl) particles. 9) This method is a spacer method, and is effective for two reasons: One is that sufficient connection of Al powder can be attained by SPS because of the breakdown of the aluminum oxide film which impedes Al sintering. 10, 11) The other is that the adjustment of the weight ratio of starting materials and preparation of NaCl particles with an intended particle size can easily control pore size and porosity. 12) However, there are few data on the effects of sintering conditions such as sintering temperature, sintering pressure and sintering time on the mechanical properties of porous Al. In this paper, we describe the effect of sintering temperature on the compressive properties of porous Al fabricated by SPS and NaCl dissolution.
Experimental Procedure
The fabrication procedure for porous aluminum by the spacer method is shown in Fig. 1 approximately 3 mm and NaCl particles with the sizes of 850-1000 mm were prepared. The Al powder and NaCl particles were thoroughly mixed in the ratio corresponding to a porosity of 78%. The mixture was put in a cylindrical graphite die having an inner diameter of 20 mm, and uniaxially pressed at 20 MPa between two graphite punches. Spark plasma sintering was conducted by applying an on-off DC pulse current through the mixture compacted between the graphite punches. A chromel/alumel thermocouple was inserted into a port made in the wall of a cylindrical graphite die, and temperature of the die wall was measured. In the present investigation, SPS was carried out at sintering temperatures of 773-853 K, where the sintering temperature is the temperature of the die wall. The sintered cylindrical compact with a diameter of 20 mm and a length of 22 mm was then placed in running hot water to remove NaCl particles.
Compressive tests were performed at a crosshead velocity of 1 mm/min on cylindrical porous Al specimens. Fullydense Al specimens were also fabricated by SPS under the same sintering conditions as those of the fabrication of the porous Al, and subjected to compressive and tensile tests. The dimensions of these Al specimens were 20 mm in diameter and 22 mm in length for the compressive tests and 8 mm in gauge diameter and 10 mm in gauge length for tensile tests. The cross sections of the specimens were observed under an optical microscope and a scanning electron microscope.
Results and Discussion
Typical cross sections of the porous Al specimens fabricated at various sintering temperatures are shown in Fig. 2 . The measurements of the mass and dimensions of the specimens revealed that the porosity of porous Al was about 78%, indicating that spacing NaCl particles were removed by dissolution in hot water. Detailed observation revealed that the cell walls had small holes through which NaCl leached out. The pore sizes are in agreement with the sizes of NaCl particles (¼ 850{1000 mm). There were no significant differences in pore characteristics between the porous Al specimens fabricated at various sintering temperatures of 773-853 K, as exemplified in Fig. 2 .
The results of the compressive tests on the porous Al specimens fabricated at 773-853 K are provided in Fig. 3 . The stress-strain curves for the specimens fabricated at 813 K and higher showed typical deformation characteristics of a porous metal, i.e., an elastic region at the initial stage, then a plateau region with a nearly constant flow stress to a large strain of about 40%, and finally a densification region where flow stress increased steeply. The plateau stress was approximately 5 MPa. However, the specimens fabricated at less than 813 K showed no such deformation characteristics.
It is interesting that the flow stress at a densification region for the specimen fabricated at 813 K was lower than those for the specimens fabricated at higher sintering temperatures, although the plateau stresses were almost the same. Partial 
Effect of Sintering Temperature on Compressive Properties of Porous Aluminum Produced by Spark Plasma Sintering
fragmentation was observed during densification of the specimen fabricated at 813 K. Therefore, a sintering temperature of higher than 813 K is suitable for the fabrication of well-sintered porous Al. Figure 4 shows photographs of the deformed specimens fabricated at 843 and 773 K; the specimen fabricated at 843 K is deformed to " ¼ 9% and that fabricated at 773 K is deformed to " ¼ 6%. The inspection of Fig. 4 (a) reveals that cell walls were bent, not fractured, in the specimen fabricated at 843 K. However, the brittle fracture of cell walls without bending was observed at a smaller strain of 6% in the specimen fabricated at 773 K, as shown in Fig. 4(b) .
The microstructures of the cell walls of the specimens fabricated at 843 and 773 K are shown in Fig. 5 . Large voids of more than 1 mm were observed in the specimen fabricated at 773 K, but not in the specimen fabricated at 843 K. Clearly, the sintering was insufficient and the connection of Al powder was poor for the specimens fabricated at 773 K. This difference in the connectivity of Al powder between the specimens is likely to be responsible for the fact that the specimens fabricated at higher sintering temperatures exhibited a plateau region, but those fabricated at lower sintering temperatures did not.
The stress-strain curves by compressive and tensile tests on the fully-dense Al specimens fabricated at 843 and 793 K are shown in Fig. 6 . In compression, both the fully-dense Al specimens exhibited an excellent ductile behavior and the compressive tests were suspended due to the load limit of the test machine, although the flow stress of the fully-dense Al specimen fabricated at 843 K was larger than that of the specimen fabricated at 793 K. In tension, however, the fullydense Al specimen fabricated at 843 K showed an elongation of approximately 9%, while that fabricated at 793 K fractured at a much smaller strain. Thus, the Al solid fabricated at 793 K was more brittle in tension than in compression.
Markaki and Clyne 13) noted that the influence of cell wall ductility tends to become more significant when the loading state is such that local tensile stresses are generated. When a porous material is compressed, the cell walls are deformed by bending or buckling; 14) moreover, not only a compressive stress but also a tensile stress locally occurs at the cell walls. When the cell walls of a specimen are brittle in tension, the specimen fragments during straining, and no plateaus or densification regions are generated. Therefore, it was expected that the porous Al fabricated at higher sintering temperatures showed plateau and densification regions because ductile cell walls in tension were obtained by sintering at high temperatures. It is suggested that the ductility in tension of cell walls is important for the compressive properties of porous Al fabricated by SPS.
Conclusions
The effect of sintering temperature on the compressive properties of porous Al fabricated by SPS and NaCl dissolution was investigated. The results are as follows.
(1) The stress-strain curves for the specimens fabricated at 813 K and higher exhibited typical deformation characteristics of a porous metal. However, the specimens fabricated at less than 813 K did not show such deformation characteristics, although no significant differences in pore characteristics between the porous Al specimens fabricated at 773-853 K were found by macroscopic observation. (2) Large voids of more than 1 mm were observed in the cell walls of the specimen fabricated at 773 K, but not in those of the specimen fabricated at 843 K. Clearly, the sintering was insufficient and the connection of Al powder was poor for the specimens fabricated at lower sintering temperatures. (3) The fully-dense Al specimen fabricated at 793 K exhibited poor ductility in tension. Therefore, it is suggested that the brittleness in tension of cell walls adversely affects the compressive properties of porous Al. 
